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A B S T R A C T
A capacitive DNA-sensor model system was used to monitor the capture of complementary single-
stranded DNAs. The sensor chip consisted of a gold electrode, which was carefully insulated with a
polytyramine layer and covalently tagged with 25-mer oligo-C. As low as 1011 moles per liter of target
oligo-G could be detected by injecting 250 mL of sample. Elevated temperature was used to reduce non-
speciﬁc hybridization. Less than 10% of non-target 25-mer oligo-T interacted nonspeciﬁcally with the
oligo-C probes when hybridization process was performed at 50 C. Studying the relationship of length of
the analyte to the signal strength, the output from the capacitive DNA-sensor increased to almost the
double; from 50 to 88-nF cm2, when a 25-mer oligo-G was used instead of a 15-mer. By sandwich
hybridization at room temperature, it was possible to further increase the signal, from 78-nF cm2 for the
target 50-mer oligo-G alone, to 114-nF cm2.
ã 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).
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The development of sensitive, selective and real-time sensors
for monitoring DNA in biological samples is very important.
Determination of speciﬁc DNA-sequences in clinical or food
samples can result in the detection and identiﬁcation of certain
infectious organisms [1]. Various DNA-sensors with labeled
probes have been reported; where the use of radioisotope-
labeled (125I or 132P) DNA-probes have been reported frequently
[2–4]. However, apart from high sensitivities, the use of isotope-
labeled reagents is restricted because of the potential danger of
radioactivity. Therefore, new strategies have been introduced for
labeling of DNA such as use of avidin–biotin [5], ferrocenium [6],
chemiluminescent agent [7,8], ﬂuorescent dye [9], and various
metal nanoparticles [10] such as gold-nanoparticles [11]. Assays
based on labeled reagents are among the most sensitive reported,
but in general they are costly, complex and time-consuming.
Alternatively, various DNA-sensors with label-free probes have
been developed. Among these are piezoelectric [12], acoustic [13],
optical [14] and electrochemical transduction [1]. In particular,
electrochemical DNA sensors are robust, cheap and allow fast
detection. They make use of single-stranded DNA probes that are
attached to the surface of the sensing devices which have the
potential to allow rapid and quantitative monitoring of label-free* Corresponding author. Tel.: +46 46 222 75 78; fax: +46 46 222 47 13.
E-mail address: Martin.Hedstrom@biotek.lu.se (M. Hedström).
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usually involves changes in electrochemical parameters such as;
capacitance [15], impedance [16] and electrochemical quartz
crystal microbalance measurements [17] at ﬁxed potential or
detecting complementary target, using both direct electrochemical
oxidation of guanine and redox of the electroactive indicator
methylene blue [17–19]. The above listed electrochemical DNA-
sensors that use label-free probes are cost effective alternatives
adopted for real-time monitoring, however with serious draw-
backs; low selectivity and low sensitivity [15,17].
This paper describes the use of a capacitive DNA-sensor
application, where a surface-bound label-free oligonucleotide
probes captures a target complementary DNA-sequence and real
time measurement is performed. Nevertheless, the application of
elevated temperature to reduce non-speciﬁc hybridization (inter-
action of non-complementary oligos) in order to increase the
selectivity, the inﬂuence of oligo length to the signal strength, and
application of sandwich hybridization approach in order to amplify
the signal strength of the long DNA molecules are reported.
2. Materials and methods
2.1. Materials
All single stranded oligonucleotides were obtained from
Euroﬁns MWG Operon (Ebersberg, Germany): 25-mer oligonu-
cleotides-C (oligo-C); 15-, 25- and 50-mer oligonucleotides-G
(oligo-G); and 25-mer oligonucleotides-T (oligo-T). AbsoluteC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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International (Leuven, Belgium). Tyramine, N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl) N-ethylcarbodiimide hydro-
chloride (EDC), ethanesulfonic acid (MES), and 1-dodecane thiol
were obtained from Sigma–Aldrich (Steinheim, Germany). All
other chemicals used were of analytical grade. All buffers and
regeneration solutions were prepared with double distilled water
from a Milli-Q system (Millipore, Massachusetts, USA). All
solutions were ﬁltered through a membrane (pore size 0.22 mm)
and degassed prior to use.
2.2. Methods
2.2.1. Electrode surface modiﬁcation
A gold electrode (99.9% purity, custom-made, f = 3 mm) with a
surface area of 0.07 cm2 was used as a working electrode. Prior to
the modiﬁcation with oligonucleotides, the gold electrode was
polished with alumina slurry with a particle size of 0.1 mm
(Struers, Ballerup, Denmark) and cleaned through sonication in
distilled water and subsequently in absolute ethanol, for 15 min in
each solvent. It was then washed with distilled water and dried
with pure nitrogen gas [20], followed by plasma cleaning, PDC-3XG
(Harrick, New York, USA) for 20 min, and after that coated by the
electropolymerization of tyramine on the electrode surface [21].
The coated electrode was rinsed with distilled water to remove any
loosely bound polymer and it was ﬁnally carefully dried with pure
nitrogen gas prior to immobilizaton.
To immobilize nucleotide-probes on the modiﬁed electrode,
20 mL of a mixture that contained 20 mM 25-mer oligo-C, 9.9 mM
NHS and 1.65 mM EDC in 40 mM MES buffer, pH 6.5 was added on
the surface of the electrode. The reaction was left at room
temperature for 30 min, while covered to prevent evaporation. The
electrode was then transferred to 4 C and kept there for 24 h. Prior
to use, the sensor electrode was washed with 10 mM potassium
phosphate buffer pH 7.2, and distilled water before being dried by
pure nitrogen gas. The modiﬁed electrode was then immersed into
10 mM 1-dodecane thiol for 20 min in order to provide insulation
and to block any pin holes. Cyclic voltammetry, CV/Auto-lab
(Utrecht, Netherlands) was used to monitor the results of
insulation and immobilization processes [21].
2.2.2. Experimental set up
All experiments were performed in a conventional four-electrode
ﬂow cell with a dead volume of 10 mL, using a data acquisition unit
(Keithley Instruments, Cleveland, OH, USA) and a potentiostat
interfaced with a personal computer (Fig. 1a). Details of the
experimental set-up of the four-electrode ﬂow cell injection
capacitive sensor system were described previously [22]. A
modiﬁed electrode, using 25-mer oligo-C probe immobilized on
the surface, was placed into the ﬂow cell and then equilibrated
with running buffer (10 mM potassium phosphate buffer pH 7.2) at
ﬂow rate of 100 mL/min until a stable base line was obtained,
followed by injecting 250mL of a sample in the same buffer. NaOH
(50 mM) was applied for intermediate regeneration after hybridiza-
tion step [23] in order to break the binding between oligo-C probe
and an analyte (oligo-G), and hence, to facilitate additional
measurements. All the measurements made in this study were
performed in triplicates, either at room temperature (23 C, RT) or at
elevated temperatures. For the studies that involve the use of
elevated temperatures, a column-thermostat, Jetstream 2 (Vienna,
Austria) was used.
In principle, when a bare electrode surface is subjected to the
electrolyte solution, an electrical double layer which consists of
adsorbed ﬁxed layer (Stern layer) and a diffuse mobile layer (Gouy–
Chapman diffuse layer) is formed at the electrode surface/electrolyte
solution interface. The interface between electrode surface and theelectrolyte solution (the electric double layer) behaves like a
capacitor; i.e., it is capable of storing electric charge [24]. The
electrical double layer capacitance could be described by Eq. (1).
1
CEDL
¼ 1
CSL
þ 1
CGC
(1)
where, CEDL is the capacitance of the electrical double layer, CSL is
the capacitance of Stern (adsorption layer) layer and CGC is the
capacitance of the Gouy–Chapman (diffuse mobile) layer.
However, in typical capacitive DNA-sensor, the capacitance at
the electrode surface/electrolyte solution interface is built up of
several capacitors in series [25]; (i) the capacitance of insulating
layer (polytyramine layer), Cins (ii) the capacitance of capture probe
(immobilized DNA), Ccapt and any contribution from adsorbed ﬁxed
layer (iii) and the capacitance of diffuse mobile layer, Cdl as
depicted in Fig. 1b. Therefore total capacitance (CTot) at electrode
surface/electrolyte solution interface could be described by Eq. (2).
1
GTot
¼ 1
Cins
þ 1
Ccapt
þ 1
Cdl
(2)
When the analyte hybridizes on capture probe, consequently this
increases the thickness and the length of the capture probe layer.
The displacement of the diffuse mobile layer created during the
potentiostatic pulse will cause a decrease in total capacitance,
which is strictly proportional to the analyte concentration. The
surface should be designed so that, the capacitance of the
insulating layer, Cins is high as possible that allows the capacitance
from the binding of analyte to be detected. This change in
capacitance due to binding of analyte was used for detection.
2.2.3. Capacitance measurement
A positive potential pulse of 50 mV was applied each sixty
second at the modiﬁed electrode (working electrode), which gives
a current response signal. The current was sampled and the total
capacitance was obtained by taking the logarithm of Eq. (3)
iðtÞ  u
Rs
expð t
RsCTot
Þ (3)
where, i(t) is the current in the open circuit (RC model) as a function
of time, u is the applied pulse potential, Rs is the dynamic resistance
of capture probe layer, CTot is the total capacitance measured
between the gold electrode surface and the electrolyte solution
interface, and t is the time elapsed after the potentiostatic step was
applied. The technique is described in detail elsewhere [22].
Hybridization of single stranded DNA (ssDNA) on the capture
probe caused CTot to decrease. Then, the capacitance change, DC,
could be determined as a difference between the two base lines,
before and after injection of the sample. A baseline was considered
stable when a standard deviation of an average of the last ﬁve
measuring points of a registered total capacitance is <1 nF. The
necessity to evaluate an average of ﬁve capacitance values was
previously mathematically proved [26]. However, standard devia-
tion of <1 nF was introduced based on previous observations (data
not shown) that the signal for the lowest concentration (1012M)
of the target analyte tested in this study, was clearly observed
when the standard deviation of the 5 average points of the baseline
before injection of the analyte was <1 nF.
2.2.4. DNA-hybridization on the electrode surface at different
temperatures
Hybridization of target DNA was initially performed at RT.
Oligo-G probes of different lengths (15-, 25- and 50-mer) were
injected into the system at different concentrations, i.e. 108, 109,
1010 and 1011M. The result in capacitance change of each oligo-
probe length was registered and evaluated.
Fig. 1. (a) Experimental set up of the ﬂow injection capacitive DNA-sensor system. (b) Schematic of the electrical double layer structure of a capacitive DNA-sensor electrode
with the built-up of capacitors in series.
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are often needed in order to improve the selectivity of the sensor.
However, it is necessary to know the inﬂuence of the temperature
on the electrode modiﬁed surface in order to understand whether a
measured capacitance is caused by changes to temperature or by
any other event on the electrode surface. For this reason, the
behavior of the modiﬁed electrode surface with respect to
capacitance changes was initially studied at RT, 30, 40, 50, and
60 C, and kept for 30 min at each temperature.
Speciﬁc and non-speciﬁc hybridizations at RT, 30, 40, 50, and
60 C were also studied by applying target DNA, 108M of 25-mer
oligo-G on the modiﬁed electrode surface. Later, the same
concentration of non-speciﬁc DNA, 25-mer oligo-T was also
applied under identical conditions and the results were compared
to each other. This study offers a predictable optimum temperature
that discriminates non-speciﬁc hybridization without signiﬁcantly
affecting the speciﬁc hybridization.
2.2.5. Sandwich hybridization
Sandwich hybridizationwas performed at RT by injecting 50-mer
oligo-G at different concentrations (108, 109, 1010 and 1011M).
Once a stable base line was observed, the same concentration of 25-
mer oligo-C was injected. These results were compared with those
obtained from injection of the 50-mer oligo-G, alone.
3. Results and discussion
3.1. Cyclic voltammetry
The electrochemical behavior of the electrode was studied after
each modiﬁcation step (Fig. 2) by oxidizing and reducing a redox
couple on the bare gold electrode surface. After electropolyme-
rization of tyramine on the electrode surface, the redox peak was
decreased markedly. The deposited polytyramine, besides of
providing free amino groups for covalent binding to the phosphate
group of oligonucleotides by forming phosphoramide bond [27], it
also provides an insulating property on the electrode surface.
The oligo-C probe coupled to the polytyramine layer also
contributed to the insulating behavior of the polytyramine layer.
Therefore, a further decrease of redox peak was observed after
subsequent immobilization of oligo-C. However, after treatment
with 1-dodecanethiol the cyclic voltammograms showed complete
blockage of redox reaction. The electrode surface was assumed to
be
c-
o-
Fig. 2. Cyclic voltammograms recorded in 10 mM K3[Fe(CN)6] in 0.1 M KCl. The
potential was swept in the range between 250 and 700 mV (vs Ag/AgCl) with a
sweep rate of 100 mV s1: (a) bare gold electrode (red); (b) gold electrode
modiﬁed with polytyramine layer (black); (c) the same as (b) after immobiliza-
tion of 25-mer oligo-C (green); (d) as in (c) after treatment with 1-dodecanethiol
(blue).(For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)mpletely covered so that the all inﬂuence from pin holes were
considered negligible based on, that makes the electrode/solution
interface to be described by resistor–capacitor in series (RC) model
(Eq. (2)) above. Otherwise the capacitance would be in parallel
with resistor (R(RC) model), resulting in a decrease in sensitivity
due to leakage of current.
3.2. Analytical characterization
3.2.1. Capacitance change due to hybridization of target DNA
The value of registered capacitance depends on the dielectric
and insulating features at the working electrode and solution
interface. Fig. 3 shows the basic features of the registered
capacitance; before injection of analyte, Cbeforeanalyte; after injec-
tion of analyte, Cafteranalyte; and after regeneration, Cafterregeneration.
Upon injection of oligo-G, the hybridization with immobilized
oligo-C on the electrode surface took place that resulted into a
decrease in capacitance. The observed little increase in capacitance
immediately after injection of oligo-G might be due to an increase in
negative charge density as the polyanion DNA-probes approach the
electrode. A similar argument has been applied for 50-end biotin
modiﬁed oligo-C–avidin–polyaniline ﬁlms system where a decrease
in electron transfer resistance was observed during hybridization
[16,18]. However, once the base-pairing between oligo-G and oligo-C
took place, water and electrolyte ions (diffuse mobile layer) were
displaced. The diffuse mobile layer contains high abundance of
negatively charged ions that outweighed the polyanion on the DNA
surface. The capacitance change was then dominated by the
displacement of the diffuse mobile layer away from the electrode
surface as a result of an increase in thickness and length of the
capture probe layer; hence decrease in capacitance was registered
[15]. Regeneration of the modiﬁed electrode surface by injecting
50 mM NaOH was used to distrupt the hydrogen bonds between the
paired DNA strands (oligo-C and oligo-G) without damaging the
oligo-C (capture probe). The capacitance was then returned to the
original base line ready for additional measurements. Fig. 3 inset,
shows how the capacitance change upon injection of analyte change
was determined.
The capacitive change was proportional to the applied
concentrations of the oligo-Gs, (15-, 25- and 50-mer) as depicted
in Fig. 4. Applying higher number of oligo-G molecules, could lead
to displacement of more number of electrolyte ions (the diffuse
mobile layer) further away from the electrode surface, therefore a
larger decrease in total capacitance was registered [28].
Nevertheless, the magnitude of registered capacitance change
was also found to some extent to be dependent on the length of
applied oligo-G. For instance, applying 25-mer oligo-G at electrode
modiﬁed surface resulted in a capacitance shift which was
approximately twice as high as that caused by a 15-mer oligo-G
(Table 1). However, there was no signiﬁcant difference for the
capacitancechange,when the same concentrationof 25- and50-mer
oligo-Gs was applied on the surface. In theory, the effect of 50-mer
oligo-G was expected to be twice of that 25-mer oligo-G and three
times of that 15-mer oligo-G; this is because the longer DNA
molecule hybridizes on the surface, the longer the capture probe
layer it becomes, then the further distance the diffuse mobile layer is
displaced, which would lead to larger decrease in total capacitance.
On the contrary, the bending behavior of the long molecules,
like DNA, could be the explanation of the observed results for 50-
mer oligo-G. The long DNA molecules exhibit intrinsic bending
behavior due to various factors, such as van der Waals force and
aromatic–aromatic (p–p) interaction between the bases of the
same DNA molecule. Nonetheless, Kelly et al. (1998) reported that,
when an electrode surface is positively charged (by applying a
positive potential pulse), the intrinsic negatively charged DNA is
pulled towards the electrode and hence adopts a tilted orientation
Fig. 3. Time course graph showing the capacitance; (i) before injection of analyte (Cbeforeanalyte) (ii) after injection of analyte (Cafteranalyte) and (iii) after regeneration
(Cafterregeneration). Inset shows how to determine the capacitance change upon injection of analyte.
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it has, a 50-mer would be pulled towards the electrode surface
even more (more tilted) than 25-mer oligo-G, resulted into less
signal strength than expected. However, by introducing a sandwich
hybridization approach, it was possible to increase the signal
strength of the 50-mer oligo-G. The results of this approach are
described in Section 3.2.3.
3.2.2. The effect of elevated temperature on hybridization of
oligonucleotides on the sensor surface
Initially, the behavior of the modiﬁed electrode surface with
reference to capacitance change at different temperatures was
studied (Fig. 5a). It was observed that the capacitance increased
with increasing temperature. It may be suggested that, with
increasing temperature, the mobility of ions in the diffuse mobile
layer increases too, resulting into an increase in electrical
conductivity of the electrolyte. The latter leads to an increase in
the dielectric “constant” of the medium [30], hence, resulted into
an increase in registered capacitance. But also, the increase in
temperature could lead to reorientation of the oligo-C (captureFig. 4. Capacitance change with an increased concentration of 15-, 25- and 50-mer
oligo-G.probe) on the electrode surface from its initial tilted orientation
[29], but also, became less dense which then allows the electrolyte
ions to reach closer to the electrode surface and hence, a further
increase in capacitance is observed.
The modiﬁed electrode surface seems to withstand temper-
atures up to 50 C; however at 60 C, the baseline became unstable.
Observations indicated that the accumulation of released gas
bubbles on the electrode surface was the probable cause of the
baseline instability at higher temperatures. Therefore, it was
concluded that, the maximum suitable temperature for the present
experimental set-up was 50 C. Since the hybridization of DNA is
often carried out at even lower temperature, this temperature
range is sufﬁcient for most application of the DNA sensors.
The capacitance change, DC, due to non-speciﬁc hybridization,
25-mer oligo-T was found to decrease drastically; from 48 to
3 nF cm2 as the temperature increased from RT to 50 C,
respectively (Fig. 5b). However, there was no signiﬁcant decrease
in target hybridization (25-mer oligo-G) capacitance change with
respect to the increase in temperature. The capacitance changes at
RT compared to 50 C, were 84 and 77 nF cm2, respectively.
The hybridization between the non-target (non-complementa-
ry) oligonucleotide with the capture probe could be explained by
the different weak interactions such as aromatic–aromatic (p–p)
interaction and van der Waals forces. The non-speciﬁc interaction
could have been more efﬁciently reduced at 50 C if small amountsTable 1
Calculated capacitance change upon applying of oligo-G of different lengths on the
electrode surface coupled with 25-mer oligo-C (capture probe).
Oligo-G length (-mer) Capacitance change: average  SD (-nF cm2)
at 108M at 109M at 1011 M
15 51  4 40  3 23  5
25 89  5 76  5 40  2
50 78  4 61  3 40  2
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affecting the target DNA. Formamide helps to reduce the thermal
stability of double stranded nucleic acid [31,32]. However, our
results suggest that, working at high temperature up 50 C, could
efﬁciently reduce non-speciﬁc hybridization by more than 90%
without signiﬁcantly altering the speciﬁc interaction. Carrarra et al.
[28] studied the efﬁciency of the hybridization reaction at elevated
temperature (80 C), and they found that 80% of the target DNA
molecules reacted with probes forming double helix while less
than 10% of the non-target DNA molecules reacted with probes
forming double helix. As the temperature increases, the kinetic
energy increases which causes increasing molecular motion and
thereby breaking the weak interactions and hence, reducing non-
speciﬁc DNA hybridization.
There must be a trade-off between raising the temperature to
eliminate non-speciﬁc binding and the temperature effect on the
speciﬁc binding. This is an aspect that needs to be kept underFig. 5. (a) Capacitance change of modiﬁed electrode surface at different temperatures: 2
25-mer oligo-C, for injections of 108M complementary (oligo-G) and non-complemencontrol. However, it does not seem to be a problem at temperatures
below 50 C as were used in this study.
3.2.3. Sandwich hybridization
Hybridization of 50-mer oligo-G with immobilized 25-mer
oligo-C on the electrode surface was initially performed. Subse-
quently, another 25-mer oligo-C was injected to the system at the
same concentration as that of oligo-G. This resulted in a higher
capacitive response as compared to response from hybridization of
50-mer oligo-G alone to the sensor surface (Fig. 6). In this study,
the 50-mer oligo-G was expected to be long enough to give the
intrinsic bending behavior, but also to experience higher attraction
force towards the electrode surface than others (25- and 15-mer).
For example, the signal from the 50-mer oligo-G at concentration
of 108M was lower than expected, 78-nF cm2, but after
subsequent injection of the same concentration of the shorter
25-mer oligo-C, the hybridization of partial bent oligo-G with3, 30, 40, 50 and 60 C. (b) Capacitance change from an electrode with immobilized
tary (oligo-T), at different temperatures.
Fig. 6. Sandwich hybridization 50-mer oligo-G followed by 25-mer oligo-C (^)
compared with 50-mer oligo-G alone (&).
48 A. Mahadhy et al. / Biotechnology Reports 3 (2014) 42–48oligo-C occurs, resulting in further increase of capacitance change
to 114-nF cm2. The subsequent injected short complementary
oligonucleotide hybridized with bases from a partially bent long
oligonucleotide molecule, and resulted in an ampliﬁcation of the
signal, which has indicated that the diffuse mobile layer was even
further displaced from the surface of the gold electrode due to
hybridization of DNA molecules. Increasing in signal strength could
lead to an increase in sensitivity of an analytical device too.
However, in some cases, signal strength is somewhat not very
important when improving sensitivity of an analytical device;
because the signal can be very big but the detection limit cannot be
very good due to poor signal to noise level.
4. Conclusions
The application of polymer chemistry (polytyramine) for
insulation of a gold electrode surface and immobilization of
oligo-nucleotides to that surface is a simple and repeatable method
for DNA based sensors. This work has demonstrated that the
capacitance change, DC, is proportional to the concentration of and
the length of the hybridized oligo-G for the developed system.
However, longer DNA molecules have to be treated differently. This
was solved by using sandwich hybridization, which increased the
amplitude of the signal. Non-speciﬁc hybridization was handled by
elevating the temperature up to 50 C, resulting in a tenfold
decrease of the signal compared to RT. In order to adopt the
developed model system for diagnostic and research purposes, it is
necessary to use real bacteria/virus DNA samples. This will be the
future work, to further optimize selectivity and sensitivity for the
developed model system.
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